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G lyc inebeta ine  (beta ine) .  an  osmoregu lant  in ha loph i l i c  p lants ,  s tab i l i zed  the  evo lu t ion  o f  oxygen and the  synthes is  o f  ATP  by  thy lako id  membranes  
f rom the  eyanobacter ium Syneehocystis PCC6g03 when tt was  present  dur ing  the  preparat ion  and  incubat ion  o f  the  thy lako id  membranes .  
Moreover .  beta ine  enhanced the  evo lu t ion  o f  oxygen and the  synthes is  o f  ATP  when present  dur ing  assays .  When beta ine  a t  i .0 M was  present  
dur ing  the  preparat ion  o f  thy lako id  membranes  and  dur ing  the  measurement  o f  ac t iv i ty ,  the  ra te  o f  evo lu t ion  o f  oxygen was  equ iva lent  to  that  
o f  in tact  ce l l s .  
G lyc inebeta ine ,  Photosynthet ic  oxygen evo lu t ion ;  Photosynthet ic  ATP  synthes is ;  S ,ab i l i za t ion  o f  photosynthes is ;  Synechocystis PCC6803 
1. INTRODUCTION 
The cyanobacter ia  are prokaryotes  that can per fo rm 
oxygen ic  photosynthes is  [1]. The i r  photosynthet ic  ma-  
ch inery  conta ins  2 photosystems,  and photosynthes is  
accompan ied  by  the evo lu t ion  o f  oxygen normal ly  oc -  
curs  in the same way as in the ch lo rop las ts  o f  h igher  
p lants  and a lgae.  The  photosynthet ic  act iv i t ies  o f  thyla= 
ko id  membranes  i so la ted  f rom cyanobacter ia l  cel ls  are 
more  labi le than  those  o f  ch lo rop las ts  f rom h igher  
p lants  [2-5] .  There fore ,  cons iderab le  a t tent ion  has  been 
pa id  to  the preparat ion  o f  ' .hylakoid membranes  that 
are h igh ly  act ive  in both  e lec t ron  t ranspor t  and the 
synthes is  o f  ATP  [5-8].  
Recent ly ,  we  demons*.rated that an osmoregu la tory  
substance ,  g lyc inebeta ine  (beta ine ,  here inafter) ,  p ro -  
tects  the photosystem 2 complex  o f  sp inach f rom the 
sa l t - induced d issoc ia t ion  o f  extr ins ic  prote ins  and inac-  
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t i va t ion  o f  the  oxygen-evo lv ing  mach inery  [9, i 0]. In  the  
present  s tudy  we examined the effects o f  beta ine  dur ing  
the preparat ion  o f  thy lako id  membranes  f rom the cya-  
nobacter ium Synechocys'is PCC6803 and  found that  
beta ine  was  ef fect ive both  in the s t imu la t ion  and  in the  
protect ion  o f  the oxygen-evo lv ing  mach inery  and  the  
synthes is  o f  ATP .  
2. MATERIALS  AND METHODS 
2. !. Preparation o f  thylokoid membranes 
Synechocystis PCC6803 was  grown photoautot roph ica l ly  a t  34°C 
in med ium BG 11 [1 ! ]  supp lemented  w i th  l t~  CO.  in a i r .  Cont inuous  
i l luminat ion  f rom incandescent  lamps  was  prov ided  a t  an  in tens i ty  o f  
10 W-m -2. An  exponent ia l  phas¢  cu l ture  (1 .5  D was  cent r i fuged at  
5 000  × g fo r  i0  ra in  fo r  co l lec t ion  o f  ce l ls .  The  sed imented  ce l l s  were  
washed tw ice  by  resuspens ion  in 30  ml  o f  a med ium that  conta ined  50  
mM HEPES-NaOH (oH 7 .5 )  and  30  mM CaCI2 .  and  oent r i fuged at  
5 000  × g fo r  10  ra in .  Ce l l s  were  f ina l ly  resuspended in  30  ml  o f  $0  mM 
HEPES-NaOH (pH 7 .5L  800  mM sorb i to l  and  1.0 M beta ine  (med ium 
A,  here ina f ter ) ,  supp lemented  w i th  t mM 6-amino-n -capro ic  ac id .  A l l  
subsequent  s teps  in  the  preparat ion  o f  membranes  were  l~r formed at  
4"C .  The  suspens ion  was  passed  through a F rench  pressure  cel l  (40  
K ;  SLM Ins t ruments .  Urbana IL ,  USA)  ~t 160 MPa,  w i th  resu l tant  
d i s rupt ion  o f  about  75% o f  the  cel ls .  The  homogenate  was  cent r i fuged 
at  i 0 000  x g fo r  I 0 min  to  remove unbroken ce l ls ,  and  the  supernatant  
was  cent r i fuged at  60  000 x g fo r  60  min .  The  sed i~nted  thy lako id  
membranes  were  suspended in 30  ml  o f  med ium A and  the  suspens ion  
was  cent r i fuged at  60  000 × g fo r  60  ra in .  The  co l lec ted  thy lako id  
membranes  were  suspended in  0 .4  m j o f  med ium A and  w=lu  kept  a t  
4°C  unt i l  use.  
2_2_ Mea~rement o f  l~holox)~thelic a tivities 
Photosynthet ic  evo lu t ion  o f  oxygen was  measured  by  mon i tor ing  
the  concent ra t ion  o f  oxygen w i th  a C la rk - type  oxygen e lec t rode  in  a 
react ion  med ium that  conta ins !  50  mM t r i c ine -NaOH (pH 7 .5) .  10 
mM CoOl2 .  600  mM sucrose ,  100/ tM PBQ,  1.0 M beta ine+ and thy la -  
ko id  membranes  cor respond ing  to  8 pg  Ch lml  t [12].  The  react ion  
mixture  was  incubated  fo ,  3 ra in  be fore  measurements  were  made.  Red  
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act in ic  l ight at  an  in tens i ty  o f  640  W-m--" was  prov ided  f rom an incan-  
descent  lamp through a combinat ion  o f  a heat -aDsorb ing  opt ica l  f i l ter 
(HA50;  Hoya .  Tokyo .  Japan)  and  a red  opt ica l  f i lter (R -60 ;  Tosh iba .  
Tokyo) .  
The  reduct ion  o f  DC IP  in the  l ight was  determined  by fo l low ing  the  
change in absorbance  a t  580 nm,  w i th  a re fcrcr :ee  beam of  500 nm,  in 
a dua l  wave length  spect rophotometer  (UV-300;  Sh imadzu .  Kyoto .  
Japan)  [12]. The  react ion  med ium was  the  same as  that  fo r  assays  o f  
evo lu t ion  o f  oxyge]J ,  except  that  PBQ w~s rep laced  by  DCIP  a~ I00  
~M as  the  e lec t ron  acceptor  and  DPC at  1.0 mM as  the  e lec t ron  donor .  
The  react ion  mixture  was  incubated  fo r  3 ra in be fore  measurements  
were  n .ade .  Red  act in ic  l ight  a t  an  in tens i ty  o f  1200 W-m --~ was  ob-  
ta ined  f rom an  incandescent  lamp through 2 opt i ca l  f i l ters as  men-  
t ioned  above_  
Phosphorytat ion  was  assayed by  a l uc i tcdMuc i fe rase  method [ 131. 
The  react ion  mixture  conta ined  50 mM t r i c ine -NaOH (pH 7.5),  600  
mM sucrose ,  10 mM NaCI ,  4 mM K2HPO~.  ~ mM MgCl  2 and  2 mM 
ADP.  The  react ion  was  per fo rmed under  aerob ic  cond i t ions  fo r  1 ~. ;n 
under  i l l uminat ion  w i th  red ac t in ic  l ight  a t  an  in tens i ty  o f  ! 500 VV.m 2 
f rom an  incandescent  lamp through 2 opt i ca l  f i l ters as  ment ionec l  
above .  
The  temperature  was  24°C dur ing  the  incnhat i , : ,  o f  thy lako id  mem-  
branes  and  the  measurement  o f  photo ' -  P. het ic  activi*.ies. Ch l  was  
determined  by the  method o f  Amen et al .  [14]. 
3. RESULTS 
The  absorpt ion  spectra  o f  thy lako id  membranes  pre-  
pared  f rom Synechocystis PCC6803 in the presence  and  
absence  o f  beta ine  had  major  peaks  at  419, 439, and  680 
nm and minor  peaks  at 495 and  625 nm.  These  charac -  
Tab le  ! 
E f fects  o f  bc ta ine  on  the  oxygen-evo lv ing  ac t iv i ty  o f  thy lako id  mem-  
branes  and  in tac t  ce l l~  
Type o f  Oxygen-evo lv ing  ac t iv i ty  
p repa  ra t ion  (btmols O 2 (ms  Ch l ) -  ~. h-  z) 
24°C 34°C 
- Bc la ine  + Beta ine  - Beta ine  + Beta ine  
Thy lako id  
membranes  
pre  pa red 
and  s tored  
w i th  
beta in¢  




s to  red 
w i thout  
bc ta ine  
In tac t  cel ls  
I46  ± I !  (3) 237 +__ 13 (~;) 205 __+ 19 (3) 321 a 34 (3) 
73- -+40(3)  75 ± 33 (3) 109 ± 10(3)  112 + 50{3)  
150_+ 22 (2) 154 ± 40 (2) 330_+ 10(2)  322 + 20 (2) 
Thy lako id  membranes  were  prepared  e i ther  in the  presence  o f  i .0 M 
beta ine  or  in its absence  a t  all s teps  o f  p reparat ion  and  s tooge .  The  
react ion  med ium conta ined  50 mM t r i c ine -NaOH (pH 7.5),  10 yaM 
CaCI2 ,  600  mM sucrose ,  100/~M PISQ, and  thy lako id  membranes  
cor respond ing  to  8 jug Ch l .mt  -], in the  presence  o f  i .0 M beta ine  or  
in i)s absev~¢.  The  numera ls  in parentheses  ind icate  the  numbers  o f  
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INOUBATION T IME (HOURS)  
F ig .  1. Changes  in oxygen-evo lv ing  ac t iv i ty  dur ing  incubat ion  in the  
presence  or  absence  o f  bc ta ine .  Thy lako id  membranes  were  prepared  
in the  presence  o f  1.0 M bcta ine  ~t al l  s teps  o f  p reparat ion  and  s torage .  
Membranes  cor respond ing  to  8 pg  Ch l -ml - '  were  incubated  a t  24°C 
in 50 mM Tr ic ine -NaOH (pH "?.5), 10 mM CaClz ,  and  600  mM su-  
c rose ,  in the  presence  o f  1.0 M beta ine  or  in its absence .  Oxygen-  
evo lv ing  ac t iv i ty  was  measured  a t  24°C a f te r  add i t ion  o f  PBQ at  100 
pM to  the  incubat ion  med ium.  The  act iv i ty  at  100~ cor responded to  
250 and  150/~mols  02  ( rag  Ch l ) - I -h  -~ in the  presence  and  abseno¢ o f  
beta ine ,  respect ive ly .  123, Beta ine  was  present ;  ©, no  beta ine  was  present  
dur ing  incubat ion  o f  membranes .  
ter ist ics o f  the absorpt ion  spect ra  suggest  hat  phycob i -  
l ins  had  been removed f rom the preparat ions  o f  mem- 
branes  [15]. 
Tab le  I shows  the efl 'ects o f  beta ine  in  the  med ia  used  
for  p reparat ion  and  assays  on  the evo lu t ion  o f  oxygen 
by thy lako id  membranes .  Two types  o f  p ro tect ive  ffect 
o f  beta ine  were  noted .  The  presence  o f  beta ine  dur ing  
the preparat ion  o f  thy lako id  membranes  had  a marked  
susta in ing  effect on  oxygen-evo lv ing  capac i ty .  The  pres -  
ence  o f  be!a ine  in  the react ion  med ium had a substant ia l  
pos i t i ve  effect on  the oxygen-evo lv ing  ac t iv i ty  o f  thy la -  
ko id  membranes  prepared  in the  presence  o f  beta ine .  
No  enhancement  by  beta ine  was  observed  in  in tac t  cel ls 
o r  in  thy lako id  membranes  prepared  in  the  absence  o f  
beta ine .  
F igure  ! shows  the  effects o f  beta ine  on  the  inact iva -  
t ion  o f  the oxygen-evo lv ing  act iv i ty  dur ing  incubat ion  
at  24°C o f  thy lako id  membranes  prepared  in !h¢ pres -  
ence  o f  beta ine ,  In  the absence  o f  beta ine ,  the oxygen-  
evo lv ing  act iv i ty  decreased  by  50~ af ter  incubat ion  for  
6 h. i n  the presence  o f  beta ine  at  1.0 M,  i n  cont ras t ,  the  
oxygen-evo lv ing  act iv i ty  remained  constant  fo r  6 h. 
These  observat ions  uggest  hat  beta ine  marked ly  s tab i -  
l izes the oxygen-evo lv ing  mach inery .  
The  e lec t ron- t ranspor t  react ions  th rough photosys -  
tem 2 were assessed by  mon i to r ing  the reduct ion  o f  
DC iP  (Tab:¢  i l ) .  Beta ine  s ign i f i cant ly  enhanced and  
s tab i l i zed  the t ranspor t  o f  e lec t rons  f rom HzO to  L~IP ,  
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Table !! 
Effects of betainc on the capacity for and stabil ity of  the reduction of  
DC IP  by thylakoid membranes  
:Duration of  E lectron-transport  activity 
incubat ion at (Mmols DCIP  reduced (rng Chl)-t-h ') 
240C 
(h) H20 --~ DCIP  DPC --~ DCIP  
- -  Betaine + Betaine -- Eletaine + Eletaine 
0 127 ± 6(3)  219 _+ 17 (3) 328 ± 29 (3) 320 + 35 (3) 
6 69 +_ 4 (2)  220 +_ 10(3)  328 ± 20 (3) 340 +_ 20 (3) 
Thylakoid membranes  were pre~red  in the presence of  1.0 M betaine 
at  all steps of  preparat ion and  storaEe. The incubat ion medium oon- 
mined 50 rnM tr ic inc-NaOH fpH 7.5), 10 mM CaCI~, 600 mM sucrose 
and  thylakoid membranes  corresponding to 8 Mg Chl-ml -~, in the 
presen~ of  1.0 M beta ine or  in its absence. For  measurentents of
electron- t ransport  activity. 100 ;uM DClP  and 1.0 mM DPC were 
included in the medium. The numerals  in parentheses indicate the 
numbers  of  experiments. 
fe r r i cyan ide  (non-cyc l i c  phosphory la t ion)  in  thy lako~d 
lc tembranes  prepared  in  the  presence  o f  bet~ine  Beta ine  
was  very  e f fec t ive  in s t imu la t ing  and  s tab i l i z ing  the  syn-  
thes i s  o f  ATP .  Tab le  l l i  a l so  shows  the  e f fec ts  o fbeta ine  
on  the  act iv i ty  and  the  s tab i l i ty  o f  the  synthes is  o f  ATP  
that  is coup led  w i th  the  cyc l i c  t ranspor t  o f  e lec t rons ,  
med ia ted  by  PMS (cyc l i c  phosphory la t ion) ,  in  th i s  case ,  
however ,  the  s t imu la tory  and  s tab i l i z ing  e f fec ts  o f  be -  
ta ine  were  not  as  marked  as  in  the  case  o f  non-cyc l i c  
phosphory la t ion .  Th is  d i f fe rence  between the  e f fec ts  o f  
beta ine  on  the  non-cyc l i c  and  cyc l i c  phosphory la t ion  
react ions  can  be  exp la ined  as  fo l lows .  The  non-cyc l i c  
phosphory la t ion  is coup led  w i th  the  t ranspor t  o f  e lec -  
t rons  f rom H20 to  fe r r i cyan ide ,  wh ich  must  be  ac t ivated  
by  beta ine  as  is  that  f rom H20 to  PBQ and DCIP .  Thus ,  
the  non-cyc l i c  phosphory la t ion  can  be  doub ly  s t imu-  
la ted ;  d i rec t ly  by  the  e f fec t  o f  beta ine  on  the  synthes is  
o f  ATP  and  ind i rec t ly  by  the  e f fec t  o f  beta ine  on  the  
t ranspor t  o f  e lec t rons .  
IJa the  presence  o f  DPC,  wh ich  can  serve  as  a donor  o t  
e lec t rons  to  photosystem 2,  such  that  the  oxygen-evo lv -  
ing  s i te  is  by -passed ,  the  reduct ion  o f  DC IP  was  not  
a f fec ted  by  beta ine  nor  was  i t  inact ivated  in  e i ther  the  
presence  or  the  absence  o f  beta ine .  Thus ,  it  can  be  co - -  
e luded that  the  t ranspor t  o f  e lec t rons  f rom DP(  :. 
DC lP  is  unaf fec ted  by  incubat ion  a t  24°C and  is  not  
enhanced by  beta ine .  These  f ind ings  suggest  that  be -  
ta ine  s t imu la tes  and  s tab i l i zes  the  oxygen-evo lv ing  com-  
p lex  o f  photosystem 2 ,  but  i t  has  pract i ca l ly  no  e f fec t  on  
o ther  e lec t ron- t ranspor t  react ions  o f  photosystem 2, 
such  as  the  photochemica l  separat ion  o f  e lec t r i c  charge  
and  the  reduct ion  o f  p las toqu inone .  
Tab le  l l I  p resents  the  e f fec ts  o f  beta ine  on  the  capa-  
c i ty  fo r  and  the  s tab i l i ty  o f  the  synthes is  o f  ATP ,  wh ich  
i s  coup led  w i th  the  t ranspor t  o f  e lec t rons  f rom H20 to  
Tab le  i l l  
Effects of  betaine on the capacity for and  stabil ity of  non-cyclic and 
cyclic phosphory lat ion  by thylakoid membranes  
Durat ion  of  Synthesis o f  ATIP 
incubat ion Qxmols ATP  formed (ms  Ch l ) - ' -h  -t)  
(h) 
Non-cycl ic (H20--~Fe Cyclic (PMS)  
(CNk)  
- 18elaine + Betaine - ~etaine + Betaine 
0 243 + 65 (3) 453- -  50(4)  357 ± 15 (4) 416 ± 63 (4) 
6 93 ± 42 (4) 404__ 73 (4)  249 ± 21 (3) 400___ 37 (2) 
Thylakoid membranes  were prcpar~ in the ~ of  ! .0 M 
at all steps o f  preparat ion and  storage. The incubat ion tnedium con* 
rained 50 mM t r i~-NaOH (pH 7.5), 6~0 mM sucrose° 10 mM NaCl ,  
4 mM K2HPO;.  5 tnM htgC!2, 2 t tM ADP,  and  thy~akoid ~bran~ 
correslpondin 8 t.~ ~ ug Chl-ml- ' .  t~lcctron carriers wet~ added as fol- 
lows: ! .0 mlVl f~ icyan id le  (F-(~'Z'lq),:, fo r non-cyclic phosph(nylat ion;  
and  25 aM PMS and ! 0 aM DCM U, for cyc lk  phosphorylat ion.  Th¢ 
nmls  in parentheses indicate the numbers  o f  exl~rimunts.  
4.  D ISCUSSION 
In  the  present  s tudy ,  we  d iscovered  that  beta ine  has  
dua l  e f fec ts  on  the  evo lu t ion  o f  oxygen and  synthes is  o f  
ATP  by  thy lako id  ~tembranes  prepared  f rom Synecho- 
cystis PCC6803.  ( i )  Beta ine  s tab i l i zes  these  photosyn-  
thet i c  react ions  when i t  is  p resent  dur ing  the  prepara -  
t ion  and  incubat ion  o f  membranes .  ( i i )  Beta ine  s t imu-  
la tes  the  oxygen-evo lv ing  mach inery  and  the  synthes is  
o f  ATP .  Thus ,  the  evo lu t ion  o f  oxygen and  the  synthes is  
o f  ATP  occur red  a t  h igh  ra tes  when beta ine  was  present  
in  the  med ia  used  fo r  p reFarat ion  and  assay  o f  the  
membranes .  The  oxygen-evo lv ing  act iv i ty  o f  the  mem~ 
branes  was  about  the  same as  tha*. o f  in tac t  ce l l s  (Tab le  
I ) .  
The  mechan ism respons ib le  fo r  the  e f fec ts  o f  beLa ine  
in  s t imu la t ing  and  s tab i l i z ing  the  photosynthet ic  reac -  
t ions  o f  the  cyanobacter ia l  thy lako id  membranes  is not  
we l l  unders tood .  However ,  in  p rev ious  s tud ies  [9 .10] ,  we  
demonst ra ted  that  beta ine  protects  the  photosystem 2 
complex  o f  sp inach  aga ins t  the  sa l t - induced d issoc ia t io r t  
o f  the  ext r ins ic  p ro te ins  f rom the  complex ,  w i th  the  
resu l tant  s tab i l i za t . ;on  o f  the  capac i ty  fo r  the  evo lu t ion  
o f  oxygen.  There fora ,  i t  is  l i ke ly  that  beta ine  a l so  pro -  
tec ts  the  cyanobacter ia l  oxygen-evo lv ing  complex  f rom 
d issoc ia t ion  o f  the  33-kDa prote in  and/or  9 -kDa pro -  
te in  [16-18] .  We can  pred ic t  that  the  thy lako id  mem-  
branes  prepared  f rom Synechocystas PC~'6803 in  the  
present  s tudy  were  r ight -s ide -out  c losed  ves ic les  s ince  
they  were  prepared  w i thout  detergents .  I t  seems l i ke ly  
that  beta ine  penet ra tes  t im thy lako id  membrane,  enter -  
ins  the  in t ra - thy lako id  space  and  hav ing  access  to  the  
oxygen-evo lv ing  s i te  o f  the  photosystem 2 complex .  I t  
is a l so  poss ib le  that  beta ine  d i f fuses  in to  the  in t ra - thy la -  
ko id  space  as  a resu l t  o f  the  mechan ica l  t reatment  dur -  
ing  the  d i s rupt ion  o f  the  ce l l s  by  the  F rench-pressure  
t reatment .  
273 
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The most  p laus ib le  exp lanat ion  for  the s t imu la t ion  o f  
the synthes is  o f  :%TP by beta ine  is that  beta ine  stab i l i zes  
ATP  synthase ,  a complex  membrane  prote in  composed 
o f  more  than  l0  po lypept ides  [t9].  Another  poss ib i l i ty  
is that  the non-cyc l i c  t ranspor t  o f  e lec t rons ,  med ia ted  
by PMS.  is s t imu la ted  by  beta ine .  Fur ther  s tud ies  are 
necessary  to  e luc idate  the molecu lar  mechan ism o f  the 
effects o f  beta ine  in s tab i l i z ing  and  s t imu la t ing  the 
ox3gen-evo lv ing  complex  and  the  ATP  synthase .  
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